The amide functional group is one of the most fundamental motifs found in chemistry and biology, and it has been studied extensively for the past century 1 . Typical acyclic amides are planar. But the amide groups of bicyclic bridgehead lactams 1,2 are highly twisted, and this distortion from planarity can dramatically affect the stability and reactivity of these amides; it also increases the basicity of the nitrogen so that it often behaves more like an amine than a typical planar amide. As a result, the structures and reactivity profiles of these 'anti-Bredt' amides 3 differ significantly from those of planar amides. It is possible that this twisting phenomenon is not exclusive to cyclic systems-non-planarity may also be a critical biological design element that leads to amide ground-state destabilization and alters the reactivity, selectivity and mechanism of various protein and enzymatic processes (such as amide hydrolysis 1,4-10 ). The intriguing qualities of these twisted amides were first recognized in 1938 (ref. 11), wherein one of the simplest families was introduced-molecules containing the 1-azabicyclo[2.2.2]octan-2-one system. But the parent member of this group, 2-quinuclidone (molecule 1 in this paper), has not yet been unambiguously synthesized. Here, we report the chemical synthesis, isolation and full characterization of the HBF 4 salt of 1. Critical to the success of the synthesis and isolation was the decision to generate 1 by a route other than classical amide bond formation. We anticipate that these results will provide a greater understanding of the properties of amide bonds.
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Following the initial description of 2-quinuclidone (molecule 1) by Lukeš 11 , Woodward became interested in 1 as it related to the structure and synthesis of quinine (in ,1941) and later in the context of the structural assignment of penicillin and the predicted increase in chemical reactivity of both amides due to non-planarity arguments 12, 13 . Woodward connected his laboratory's difficulty in preparing bicyclic lactam 1 from the corresponding amino acid (Fig. 1a) to the unstable and unusual nature of the twisted amide. This was in contrast to the ease of ring closure for the constitutional isomer (Fig.  1b) 12 . The marked electrophilicity of penicillin was thus attributed not only to the unusual b-lactam structure, but also to the nonplanar distortions of the amide in the fused bicycle.
Then in 1957 Yakhontov claimed to have synthesized 1 14 , using the Woodward strategy of amide bond formation. Activation of the amino acid as the acid chloride followed by treatment with mild base and an aqueous work-up was reported to give 1, characterized only by elemental analysis for nitrogen. Subsequently, Pracejus 15 failed to isolate pure 1 by Yakhontov's method, calling the original synthesis into question. The preparation and isolation by Pracejus of a number of methyl-substituted 2-quinuclidone derivatives (that is, molecules 2-5; Fig. 1c ) using a similar strategy lend support to the notion that the original Yakhontov synthesis was flawed, at least in the isolation of 1 16, 17 . Indeed, the unambiguous preparation of the parent 2-quinuclidone structure with definitive characterization remains elusive [18] [19] [20] [21] [22] [23] [24] . Despite this, ab initio molecular orbital calculations on 1 and its N-and O-protonated forms have been reported by Greenberg 19, 25 . Owing to its colourful history, and the apparent challenges related to its preparation, isolation, and characterization, we wished to address the synthesis of 1. Further, given the difficulties associated with the classical route to 1, and in particular the isolation of the intact molecule, we chose to use an alternative strategy.
The core of our design of the synthesis of 1 was to use reactions involving dinitrogen (N 2 ) release as a driving force for the construction of the strained bicyclic core. This would potentially obviate aqueous work-up conditions in the final step, a manoeuvre that haunted the original report by Yakhontov. Two distinct retrosynthetic pathways were envisioned to construct the 1-azabicyclo[2.2.2]octane skeleton (Fig. 2a) . In the first plan (Fig. 2a , route I), a C-C bond formation via C-H insertion of an acylcarbene species could be catalysed by Rh II de-diazotization of the known acyldiazo derivative 6. Promisingly, acylcarbene chemistry has been used for the construction of the C-N bond in other highly twisted bridgehead lactams 26 . Our second approach involves C-N bond formation using an intramolecular Schmidt-Aubé reaction 27 of cyclopentanone azide derivative 7 ( N-substituted lactams has been established over the past 15 years. Recently, this method has been applied to the construction of another type of twisted lactam 28 . Our initial attempts towards the synthesis of 2-quinuclidone (1) focused on the C-H insertion of rhodium-stabilized acylcarbenes generated from diazocarbonyl derivatives. These attempts led predominantly to complex mixtures of largely intractable materials. In one attempt, such a reaction (6, 2 mol% Rh 2 (OAc) 4 , CH 2 Cl 2 , 23 8C) produced small amounts of isomeric olefins 8 (26% yield) resulting from dimerization of the starting material (Fig. 2b) . Unfortunately, we did not observe amide 1 or products consistent with its decomposition in any case we examined.
We then turned our attention to the second strategy, namely the use of the intramolecular Schmidt-Aubé reaction. Ketoazide 7 was prepared as shown in Fig. 2c . Bicyclic lactone 10 was obtained by Baeyer-Villiger oxidation of norcamphor (9) and subsequently reduced with LiAlH 4 to give cis-diol 11. Selective tosylation of diol 11 followed by azide substitution of tosylate 12 furnished azidoalcohol 13. Oxidation of hydroxyazide 13 with Dess-Martin periodinane (DMP) produced the desired ketoazide 7 in 93% yield.
Next, we exposed ketoazide 7 to typical intramolecular SchmidtAubé reaction conditions, namely, neat trifluoroacetic acid (TFA) at 60 8C (Fig. 2c ). Immediate gas evolution was observed and 7 was consumed completely within 3 h. As the product was expected to be unstable due to the lability of the amide, the resulting solution was treated with methanol. Subsequent Boc-protection and purification afforded derivatives 16 and 17 in 56% and 34% yield, respectively. The production of 16 and 17 strongly suggested initial formation of the desired 2-quinuclidone (1), along with an undesired isomer. Additionally, the 1 H NMR spectrum of the crude reaction mixture before methanolysis displayed resonances consistent with a mixture of bicyclic lactams, favouring the quinuclidone ring system.
To improve the selectivity of the rearrangement, we carried out further optimization of the reaction conditions by screening various acids and solvents. The result of each experiment was evaluated after treatment of the crude reaction mixture with MeOH. While neat TFA yielded the desired rearrangement product (Fig. 2c) (shown with 50% probability ellipsoids, BF 4 -omitted for clarity. Nitrogen ¼ blue, oxygen ¼ red, carbon ¼ black and hydrogen ¼ white).
Because of the modest selectivity of the rearrangement, we focused on direct purification of the ,3:1 crude mixture of bicyclic lactams. A key observation was that in the reaction of ketoazide 7 with HBF 4 in Et 2 O, following rearrangement, a precipitate formed. Gratifyingly, recrystallization of the crude solid from CH 3 CN-Et 2 O produced pure 2-quinuclidonium tetrafluoroborate (1zHBF 4 ) as colourless crystals in 38% overall yield from ketoazide 7 (Fig. 3a) .
The structure of 1zHBF 4 was unambiguously determined by spectroscopic evaluation. Figure 3b shows the X-ray crystallographic structure of 1zHBF 4 . All of the hydrogen atoms were apparent from the electron density map. The structure shows the N-protonated form of 1 and pyramidalization at nitrogen. This is in good agreement with Greenberg's calculated proton affinity (PA) of 1, which was found to favour the N-protonated form by 24.1 kcal mol 21 relative to the O-protonated form 25 . Table 1 summarizes selected bond lengths and distortion parameters from X-ray crystallography and the previously calculated results. Two crystallographically independent molecules corresponding to 1zHBF 4 were observed in the unit cell. The observed lengths of the N-C(O) bonds in 1zHBF 4 were 1.484 and 1.526 Å while the C¼O bond distances were 1.168 and 1.192 Å . These distances were in good agreement with the calculated results of N-protonated 1 19, 25 . Dunitz and Winkler reported three independent distortion parameters, x N , x C , and t, for quantitative evaluation of the twisting of an amide bond 29 . These parameters describe the pyramidalization at the nitrogen (x N ) and carbon atoms (x C ) and the torsion about the C-N bond (t), respectively. For the representative planar amide, formamide, these parameters are all 08 (ref. 30) . In contrast, perpendicular formamide was calculated to have a x N of 63.48 and t of 90.08. For the two independent structures of 1zHBF 4 found in the unit cell, x N was calculated to be 58.98 and 59.58, while t was found to be 90.88 and 90.98. These results are in reasonable accord with the perpendicular formamide example and quantitatively illustrate the highly twisted nature of 1zHBF 4 .
Recently, we have started to investigate the chemical reactivity of 2-quinuclidonium tetrafluoroborate. For instance, 1zHBF 4 reacts instantaneously in neat deuterated water, D 2 O. In the 1 H NMR spectrum acquired 1 min after dissolving 1zHBF 4 in D 2 O, only the ring-opened amino acid was observed, corresponding to a t 1/2 , 15 s. The reaction with 5 equiv of D 2 O in CD 3 CN (0.084 M) was slower, with t 1/2 ¼ 135 min. Additionally, 1zHBF 4 is unstable to manipulations in common nucleophilic solvents (for example, DMSO, pyridine, MeOH) aside from CH 3 CN and Et 2 O. Attempts to observe 1 by free-basing 1zHBF 4 have been unsuccessful, and have resulted largely in polymeric material (see Supplementary Information for details). These observations illustrate the propensity for this unusual amide linkage to undergo nucleophile-induced cleavage and highlight the fragile nature of this interesting molecule.
In conclusion, we have achieved the first unambiguous synthesis, isolation, and X-ray crystallographic characterization of 2-quinuclidone as its tetrafluoroborate salt (1zHBF 4 ). Our synthesis provides access to the parent compound of the quinuclidone series nearly 70 years after its conception as an 'anti-Bredt' amide by Lukeš 11 . Critical to the success of the synthesis and isolation was the decision to generate 1 by a route other than classical amide bond formation. Our ability to prepare and characterize 2-quinuclidonium tetrafluoroborate illustrates the power of the Schmidt-Aubé reaction for the synthesis of highly strained amides. Additionally, these conditions furnish the N-protonated amide directly, saving the molecule from self-destruction. We expect that the results presented here will provide a greater understanding of the properties of amide bonds.
METHODS
Routine synthetic experimental techniques were used for the preparation, isolation, and analysis of all new compounds as described in the Supplementary Information. Procedure for the synthesis of 2-quinuclidonium tetrafluoroborate. See Fig. 3a for the isolation reaction of 1zHBF 4 . A 10 ml tube equipped with stirbar and three-way stopcock was flame-dried under vacuum, backfilled with dry nitrogen, and charged with ketoazide 7 (306 mg, 2.00 mmol, 1.0 equiv) and dry ether (4 ml). To this solution we added ethereal HBF 4 (54 wt%, 0.55 ml, 4.00 mmol, 2.0 equiv) at 0 8C and the resulting mixture was stirred at ambient temperature (20 8C) until gas evolution ceased (3 h). The supernatant of the resulting suspension was removed by syringe and the remaining white solid was washed with dry ether (3 £ 3 ml) and dried under vacuum. The resulting crude solid was then dissolved in 4 ml of dry acetonitrile and transferred to a 10 ml test tube, which was placed in a septum-sealed 200 ml Erlenmeyer flask. Dry Et 2 O (10 ml) was then added to the Erlenmeyer flask outside the tube, and the resulting flask was settled in a desiccator (P 2 O 5 ) at ambient temperature until crystals formed (6 days). After the mother liquor was removed by syringe, the solid was washed with dry Et 2 O (3 £ 5 mL) and dried under vacuum to yield 164 mg (0.770 mmol, 38% yield) of 2-quinuclidonium tetrafluoroborate 1zHBF 4 as colourless crystals.
Recrystallization In this work, two crystallographically independent molecules were observed in the unit cell.
